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Abstract Wind induced lateral loading is one of the vital factors governing the
design of tall buildings. Along wind, across wind and torsional responses are three
important considerations in wind design of tall buildings. A well-established gust
factor approach is adopted in most of the wind design codes to predict the dynamic
response of tall buildings in the along wind direction. Along wind predictions using
this approach is found to bewith reasonable accuracywhen thewindflow is not signif-
icantly affected by neighbouring buildings. However, the applicability of most of the
wind design codes are restricted to regular shaped structures with limitation on height
or natural frequency. Dynamic motion of tall and slender structures perpendicular
to the direction of the wind is known as across wind excitation. This phenomenon
can be resulted from three mechanisms and their higher time derivatives such as
vortex shedding, incident turbulence mechanism and higher derivatives of cross-
wind displacement (i.e., galloping, flutter and lock-in). Due to the complex nature of
the wind, characteristics of vortices and its interaction with the structure, significant
limitations are found among the provisions set out in different international stan-
dards for the prediction of across wind responses. Though most of the existing codes
are capable of predicting the along wind loading to reasonable accuracy, only a few
international standards provide provisions for across wind effects. Unlike the along
wind responses significant discrepancies are found among the across wind responses
estimated by different standards. This paper presents an overview of capabilities
and limitations of design provisions available in seven international codes/standards
such as BS 6399-2:1997, BS EN 1991-1-4:2005, AS/NZS1170.2:2011, AIJ: 2004,
CNS: 2012,ASCE7-10 andNBCC: 2005 for the prediction of acrosswind responses.
Comparisons of predicted acrosswind induced response for different building config-
urations (range of plan aspect ratio form 1–2, height aspect ratio from 4 to 8 and
height from 120 to 240 m) are used to explain the influence of methods adopted in
each of those wind codes.
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1 Introduction

Modern tall buildings are becoming more slender, flexible, light weight and low
damping due to urbanization and advancement of technologies such as high strength
concrete, light weight partitions etc. This makes modern tall buildings more vulner-
able under wind induced dynamic excitations. Alongwind, across wind and torsional
responses (as shown in Fig. 1) are three important considerations in wind design of
tall buildings. Wind design codes and standards are utilized in prediction of wind
effect on tall buildings in the preliminary design stages.

Alongwindpredictions from the existing standards are found to bewith reasonable
accuracy when the wind flow is not significantly affected by neighbouring buildings.
However, the applicability of most of the wind design codes are restricted to regular
shaped structures with limitation on height or natural frequency. Dynamic motion of
tall and slender structures perpendicular to the directionof thewind is knownas across
wind excitation. Due to the complex nature of the wind, characteristics of vortices
and its interaction with the structure, significant limitations are found among the
provisions set out in different international standards for the prediction of acrosswind
responses. Thoughmost of the existing codes are capable of predicting the alongwind
loading to reasonable accuracy, only a few international standards provide provisions
for across wind effects. Unlike the along wind responses significant discrepancies
are found among the across wind responses estimated by different standards [1].

This paper presents an overview of capabilities and limitations of design provi-
sions available in seven international codes/standards such as BS 6399-2:1997, BS
EN 1991-1-4:2005, AS/NZS1170.2:2011, AIJ: 2004, CNS: 2012, ASCE7-10 and
NBCC: 2005 for the prediction of across wind responses. Comparisons of predicted
across wind induced response for different building configurations (range of plan
aspect ratio form 1–2, height aspect ratio from 4–8 and height from 120 to 240 m)
are used to explain the influence of methods adopted in each of those wind codes.

Fig. 1 Wind effects on tall
buildings
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Based on the comparison of predicted responses on selected building configurations;
consistency of each wind codes in estimation of wind loading and accelerations are
discussed. Capability of different wind codes and their limitations in across wind
response estimation is outlined.

2 Background of Across Wind Loading

Wind is a very complicatedphenomenonas themovement of air particles are turbulent
due its low viscosity. Fluctuation of the wind speed shown in Figs. 2 and 3 illustrate
the random nature of wind with both time and along building height respectively.

Due to this fluctuation in wind speed flexible structures like tall buildings are
subjected to dynamic excitation under the wind loading. Generally, a structure is
considered to be dynamically sensitive underwind loading if first natural frequency is
less than 1 Hz (ASCE-7-10). Dynamic interaction of wind with structural system of a
flexible structure leads amplification of wind induced responses. Aerodynamic loads
acting on flexible tall buildings are magnified based on their dynamic characteristics.
A well-defined peak factor method originally established by Davenport [2] used
widely to predict dynamic amplification of alongwind loading caused by the pressure
fluctuation between wind ward and leeward faces. Predicted along wind buffeting

Fig. 2 Wind speed variation
with time

Fig. 3 Wind speed variation
along height
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loads using this theoretical method employed in most of the international wind codes
are found to be within reasonable accuracy [3].

In dynamically sensitive tall buildings wind induced motion in the across wind
direction caused by alternative shedding of vortices is an important phenomena to be
considered in the design.Adimensionless parameter called ‘Strouhal number’ is used
to identify the potential of particular structure, to the influence of vortices shedding.
Figure 4 illustrates different factors associated with the across wind loading.

If the natural frequency of the structure coincides with the shedding frequency of
the vortices, large amplitude displacement response may occur due to the resonance.
This condition is referred as lock-in phenominon which can generally occurs within
10% range of building’s natural frequency. Based on the geometry of the building
Strouhal number is determined from wind tunnel testing.

A measured spectra of along-wind and across-wind load components of a flexible
tall building reported in [4] reproduced in Fig. 5 to demonstrate the vortex shedding.

Fig. 4 Vortex shedding

Fig. 5 Comparison of along and across wind spectra measured on a wind tunnel model [4]
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Along wind dynamic response decrease when frequency increase whereas across-
wind spectra has an intermediate peak resulted from vortex shedding, that highly
affect the resonant response.

The magnitude of across wind response resulted from vortex shedding highly
depends on building geometry. Buildings with regular geometries and sharp corners
highly susceptible for cross wind effects. Aerodynamic shaping of buildings to mini-
mize the across wind loading is a well-established exercise performed during the
conceptual design stage to optimize the structural scheme against acrosswind effects.

Unlike along wind buffeting forces induced by the pressure fluctuations, strip and
quasi-steady theories are not capable of predicting across wind excitation due to the
complex nature of vortex shedding. Wake dynamics theories are used to explain the
across wind excitation [5].

3 Overview of Codal Provisions for Prediction of Across
Wind Effects

Many international design standards/guidelines are available for the prediction of
wind response of tall buildings. Scope of most of the wind design codes are limited
to regular shaped structures and due to the governance of dynamic responses again
the limitations are imposed either based on building height or natural period. Still,
for the buildings falls in the scope of the design codes inconsistences are found in the
results obtained from different design codes [1]. Capabilities and limitations of seven
major intentional codes: British Standard (BS 6399-2:1997), Australian Standard
(AS/NZS1170.2:2011), Euro Code (EN1991-1-4:2005), Japanese Code (AIJ 2004),
National Building Code of Canada (NBCC 2005), ASCE Minimum Design Loads
for Buildings and Other Structures (ASCE 7:10) and China National Standard (CNS:
2012) are summarized in Table 1.

All seven standards considered set out provisions for the prediction of along wind
loading. Provisions for calculation of across wind loading is provided in only five
standards namely AS/NZS1170.2:2011, AIJ 2004, NBCC 2005, ASCE 7-10, and
CNS: 2012. Further, across wind effects are only introduced very recently in many
of those codes (e.g. included in CNS: 2012 while upgrading from CNS: 2006). In
addition, BS 6399-2:1997 does not provide any guidelines for the calculation of
wind induced accelerations whereas only along wind acceleration calculations are
presented in EN1991-1-4:2005 and ASCE 7-10. In most of the cases across wind
vibrations induced due to the vortex shedding is more critical than the along wind
vibration. AS/NZS 1170.2:2011, AIJ 2004, NBCC 2005 and CNS 2012 provides
guidelines for the calculation of both along wind and across wind accelerations.
Procedures given for the across wind loading and accelerations are only discussed
in this paper. A detailed comparison of expressions provided in those international
standards for across wind load calculation are summarized in Table 2.



388 B. Kiriparan et al.

Ta
bl
e
1

A
pp

lic
ab
ili
ty

of
di
ff
er
en
ti
nt
er
na
tio

na
lw

in
d
co
de
s

C
ri
te
ri
a

C
od
e

B
S
63
99

E
N
19
91
-1
-4
:2
00
5

A
S/
N
Z
S

11
70
.2
:2
01
1

A
IJ
20
04

A
SC

E
7-
10

C
N
S:
20
12

N
B
C
C
:2
00
5

H
ei
gh
t

N
o
pr
ov
is
io
ns

fo
r
h
>
30
0
m

N
o
pr
ov
is
io
ns

fo
r
h

>
20
0
m

N
o
pr
ov
is
io
ns

fo
r
h

>
20
0
m

N
o
ex
pl
ic
it
lim

it
sp
ec
ifi
ed

N
o
pr
ov
is
io
ns

fo
r
h
>
55
0
m

N
o
ex
pl
ic
it
lim

it
sp
ec
ifi
ed

Fr
eq
ue
nc
y

N
o
pr
ov
is
io
ns

fo
r
f
<

0.
2
s

N
o
pr
ov
is
io
ns

fo
r
f

<
0.
2
s

N
o
ex
pl
ic
it
lim

it
sp
ec
ifi
ed

G
eo
m
et
ry

N
o
pr
ov
is
io
ns

fo
r
bu
ild

in
gs

w
ith

co
m
pl
ic
at
ed

sh
ap
es

A
lo
ng

w
in
d

lo
ad
in
g

G
eo
m
et
ri
ca
la
nd

he
ig
ht

re
st
ri
ct
io
ns

in
al
on

g
w
in
d
lo
ad

ca
lc
ul
at
io
ns

G
eo
m
et
ri
ca
l

A
cr
os
s
w
in
d

lo
ad
in
g

N
o
pr
ov
is
io
n
fo
r

gi
ve
n

G
eo
m
et
ri
ca
la
nd

he
ig
ht

re
st
ri
ct
io
ns

in
ac
ro
ss

w
in
d
lo
ad

ca
lc
ul
at
io
ns

N
o
pr
ov
is
io
ns

G
eo
m
et
ri
ca
la
nd

he
ig
ht

re
st
ri
ct
io
ns

in
ac
ro
ss

w
in
d
lo
ad

ca
lc
ul
at
io
ns

To
rs
io
na
l

lo
ad
in
g

N
o
pr
ov
is
io
n
fo
r

gi
ve
n

N
om

in
al
ec
ce
nt
ri
ci
tie

s
sp
ec
ifi
ed

D
et
ai
le
d

pr
ov
is
io
n

N
om

in
al
ec
ce
nt
ri
ci
tie

s
sp
ec
ifi
ed

A
lo
ng

w
in
d

ac
ce
le
ra
tio

ns
N
o
pr
ov
is
io
n
fo
r

gi
ve
n

Pr
ov
is
io
n
ar
e
gi
ve
n

C
ro
ss

w
in
d

ac
ce
le
ra
tio

ns
N
o
pr
ov
is
io
n
fo
r

gi
ve
n

N
o
pr
ov
is
io
n
fo
r

gi
ve
n

Pr
ov
is
io
n
ar
e
gi
ve
n

N
o
pr
ov
is
io
n
fo
r

gi
ve
n

Pr
ov
is
io
n
ar
e
gi
ve
n

To
rs
io
na
l

ac
ce
le
ra
tio

ns
N
o
pr
ov
is
io
n
fo
r
gi
ve
n

Pr
ov
is
io
n

gi
ve
n

N
o
pr
ov
is
io
n
fo
r
gi
ve
n



Prediction of Across Wind Response of Tall Buildings: An Overview 389

Ta
bl
e
2

C
om

pa
ri
so
n
of

ac
ro
ss

w
in
d
pr
ed
ic
tio

n
by

in
te
rn
at
io
na
lw

in
d
co
de
s

St
an
da
rd

Fo
rm

ul
a
fo
r
ac
ro
ss

w
in
d
lo
ad
in
g

A
S/
N
Z
S1

17
0.
2:
20
11

W
eq

(z
)
=

0.
5ρ

ai
r
V

2 d
es

,θ
d
C

fi
g
C
d
yn

V
d
es

,θ
=

de
si
gn

ve
lo
ci
ty

at
bu
ild

in
g
he
ig
ht

d
=

ho
ri
zo
nt
al
de
pt
h
of

th
e
bu
ild

in
g
pa
ra
lle

lt
o
th
e
w
in
d
st
re
am

C
fig

=
ae
ro
dy
na
m
ic
sh
ap
e
fa
ct
or

C
dy

n
=

dy
na
m
ic
re
sp
on
se

fa
ct
or

C
fi
g
C
d
yn

=
1.
5g

R
( b d

)
K
m

(1
+g

v
I h

)2

( z h

) k
√

π
C

fs ∫
b

=
w
id
th

of
th
e
bu
ild

in
g
no
rm

al
to

th
e
w
in
d
di
re
ct
io
n

h
=

bu
ild

in
g
he
ig
ht

z
=

he
ig
ht

of
in
te
re
st

K
m

=
m
od
e
sh
ap
e
co
rr
ec
tio

n
fa
ct
or

I h
=

tu
rb
ul
en
ce

in
te
ns
ity

fa
ct
or

C
fs

=
ac
ro
ss

w
in
d
sp
ec
tr
um

ge
ne
ra
liz

ed
fo
r
lin

ea
r
m
od

e
ε

=
cr
iti
ca
ld

am
pi
ng

ra
tio

A
IJ
-R
L
B
-2
00
4

W
L
(z

)
=

3q
h
C

′ L
A

z h

√
1

+
∅2 L

R
L

C
′ L

=
0.
00
82

( d b

) 3
−

0.
07
1( d b

) 2
+

0.
22

( d b

)

q h
=
ve
lo
ci
ty

pr
es
su
re

at
ro
of

le
ve
l

A
=

pr
oj
ec
te
d
ar
ea

z
=

he
ig
ht

of
in
te
re
st

h
=

bu
ild

in
g
he
ig
ht

∅ L
=

co
rr
ec
tio

n
co
ef
fic
ie
nt

fo
r
vi
br
at
io
n
m
od
e

R
L

=
re
so
na
nc
e
fa
ct
or

(c
on
tin

ue
d)



390 B. Kiriparan et al.

Ta
bl
e
2

(c
on
tin

ue
d)

St
an
da
rd

Fo
rm

ul
a
fo
r
ac
ro
ss

w
in
d
lo
ad
in
g

N
B
C
C
(2
00
5)

M
c

=
f2 c
g
R
(
B
D

)2
(
78

.5
×1

0−
3

g√ ε

)[
V
H

f c
√ B

D

] 3
.3

H
3 3

H
=

av
er
ag
e
he
ig
ht

to
th
e
ro
of

to
p

B
=

B
re
ad
th

of
th
e
st
ru
ct
ur
e
no
rm

al
to

th
e
w
in
d

D
=

D
ep
th

of
th
e
st
ru
ct
ur
e
pa
ra
lle
lt
o
th
e
w
in
d

V
H

=
M
ea
n
w
in
d
sp
ee
d,

in
m s
at
th
e
bu
ild

in
g
he
ig
ht
,
H

f c
=

Fi
rs
tm

od
e
na
tu
ra
lf
re
qu
en
cy

of
vi
br
at
io
n
of

a
st
ru
ct
ur
e
in

ac
ro
ss

w
in
d
di
re
ct
io
n
(i
n
H
z)

g
R

=
Pe
ak

fa
ct
or

fo
r
ac
ro
ss

w
in
d,

ta
ke
n
as

3.
75

ε
=

C
ri
tic

al
da
m
pi
ng

ra
tio

in
ac
ro
ss

w
in
d
di
re
ct
io
n

G
B
50
09
-2
01
2

M
c

=
g
R
w
0
μ
z(
2

+
2α

)γ
C
M

√
1

+
R
2 L
B
zd

z,
γ
C
M

=
C
R

−
0.
01
9(

D B

) −
2.
54

R
L

=
1.
4

(α
+0

.9
5)

(
z H

) −
2α

+0
.9
√

π
S F

L
4ε

γ
2 C
M

w
0

=
R
ef
er
en
ce

w
in
d
pr
es
su
re

g
R

=
Pe
ak

fa
ct
or

fo
r
ac
ro
ss

w
in
d,

ta
ke
n
as

3.
0

μ
z

=
E
xp
os
ur
e
fa
ct
or

of
a
10

-m
in
ut
e
m
ea
n
w
in
d
pr
es
su
re

pr
ofi

le

μ
z

=
C
E
(
z H

) −
2α

,
C
E
is
te
rr
ai
n
ro
ug

hn
es
s

α
=

W
in
d
sp
ee
d
pr
ofi

le
in
de
x

S F
L

=
fS

M
L
(
f )

/
q
H
B
H

2
=
Po

w
er

sp
ec
tr
um

of
no
n
-d
im

en
si
on
al

ac
ro
ss

w
in
d
ge
ne
ra
lis
ed

fo
rc
e



Prediction of Across Wind Response of Tall Buildings: An Overview 391

Table 3 Building configurations used for comparison of wind response predictions

Building ID B × D × H D/B H/B f0

M3030120 30 × 30 × 120 1.0 4 0.30

M3030183 30 × 30 × 183 1.0 6 0.20

M3046183 30 × 46 × 183 1.5 6 0.20

M3060183 30 × 60 × 183 2.0 6 0.20

M3030240 30 × 30 × 240 1.0 8 0.15

Table 4 Design wind speeds
(m/s)

Averaging time Ultimate limit states Serviceability limit
state

3-s 59 35

10-min 41 25

1-h 37 22

4 Numerical Example

Wind induced response of five building configurations as tabulated in Table 3,
(including a benchmark building called CAARC) were determined using the seven
wind design codes discussed.

All the buildings were assumed to be with uniformmass of 160 kg/m3 throughout
the height. Natural frequency of the building in along wind and across wind direction
was considered as 36/H. This relationship is selected based on structural engineer’s
data provided for several wind tunnels including the benchmark building considered
[6].

Calculations to predict alongwind force, across wind force, alongwind and across
wind accelerations were carried out using different wind loading codes. Wind speeds
shown in Table 4 were considered for the calculations [7].

5 Results and Discussion

Along wind and across wind base shears calculated based on different standards
are presented in Tables 5 and 6. The Coefficient of Variation (CoV) are calculated
to represent the discrepancies between predicted wind responses by different design
standards. Alongwind forces predicted using seven international standards are found
to be consistent with a Coefficient of variation less than 15%. However, when the
building height and natural period of the building increases, coefficient of variations
are increasing due to the significance of dynamic responses. Variation of along wind
base shear with height aspect ratio is shown in Fig. 6. The prediction of CNS: 2012 is
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Table 5 Comparison of along wind base shear (kN)

M3030120 M3030183 M3046183 M3060183 M3030240

BS 11,525 17,292 17,292 17,292 21,868

EC 14,256 21,866 21,866 21,866 29,425

AS 13,967 20,979 20,979 17,525 28,925

AIJ 13,852 21,548 23,837 23,837 29,838

ASCE 11,318 17,053 17,053 17,053 24,585

CNS 10,895 16,580 16,580 16,580 21,015

NBCC 10,928 16,855 16,568 16,568 21,456

CoV (%) 12 13 14 15 16

Table 6 Comparison of across wind base shear (kN)

M3030120 M3030183 M3046183 M3060183 M3030240

BS – – – – –

EC – – – – –

AS 12,515 18,927 28,805 36,007 33,650

AIJ 17,013 24,936 40,862 58,796 49,196

ASCE – – – – –

CNS 13,855 23,680 32,645 54,620 38,967

NBCC 11,800 17,424 26,253 39,568 27,950

CoV (&) 17 17 20 24 24

Fig. 6 Variation of along
wind response with height
aspect ratio
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observed to be as lower bound for all the cases considered. EN1991-1-4:2005 estima-
tions give higher value for lower height aspect ratios whereas AIJ: 2004 prediction
formore slender and flexible buildings are found to be higher than all other standards.
Different velocity profiles adopted by each codes and variations in the calculations
of peak factors cause such inconsistences in the along wind predictions.

Coefficient of variation for across wind loading predictions are found to be signif-
icantly high (>15%). Unlike along wind loadings, crosswind spectra-based methods
set out in the design standards for across wind loadings are derived from different
wind tunnel sources. This may be the important reason for such higher discrepan-
cies. With the increment of height and plan aspect ratios the deviations are further
increasing as presented in Figs. 7 and 8 respectively. Prediction of NBCC and

Fig. 7 Variation of across
wind response with height
aspect ratio
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Fig. 8 Variation of across
wind response with plan ratio
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Table 7 Comparison of along wind accelerations (milli-g)

M3030120 M3030183 M3046183 M3060183 M3030240

BS – – – – –

EC 10 14 11 8 15

AS 13 16 13 11 18

AIJ 11 15 10 10 16

ASCE 8 10 8 7 11

CNS 9 11 10 8 12

NBCC 12 14 13 10 17

CoV (%) 18 18 18 17 19

Table 8 Comparison of across wind accelerations (milli-g)

M3030120 M3030183 M3046183 M3060183 M3030240

BS – – – – –

EC – – – – –

AS 44 51 36 28 61

AIJ 36 42 28 24 51

ASCE – – – – –

CNS 40 44 30 27 53

NBCC 41 48 33 26 56

CoV (%) 8 9 11 7 8

AS/NZS are laying at the lower side, on the other hand AIJ estimations provides
relatively higher crosswind loading compare to all other standards.

Along wind and across wind peak accelerations calculated based on each stan-
dard are presented in Tables 7 and 8. Inconsistencies in the along wind acceleration
predictions are increasingwith building height and height aspect ratios. The influence
of mass to minimize the building motion can be clearly seen from this results. Only
four standards considered are capable of predicting the across wind accelerations.
Coefficient of variation among those few available provisions are found less than
along wind cases. Variation of along wind and across wind accelerations are with
height aspect ratio are shown in Figs. 9 and 10.

Dynamic wind effect is one of the governing factor in the design of tall buildings.
Thus, it is important to predict the wind effects precisely during the preliminary
design in order to arrive at an optimum and safe structural scheme. Capabilities
and limitations of different wind codes and consistency of their predictions were
discussed in this study.
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Fig. 9 Variation of along
accelerations with height
aspect ratio
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Fig. 10 Variation of across
wind acceleration with
height aspect ratio
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6 Conclusion

This study presents an overview and importance of across wind loading in tall
building design. The fundamentals associated with the across wind loadings and
available provisions in seven international standards were discussed. Finally, a
numerical comparison of predicted wind induced base shear and peak accelerations
using thosewind codeswas carried out. The study shows consideration of acrosswind
loadings is equally important as along wind loading in the design of tall buildings.
Further, following observations were made from this study.

• When the plan aspect ratio is higher than unity across wind loading is increasing
even beyond the along wind loading for few cases considered. Thus, for the
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buildings with rectangular geometry across wind loading effect is higher than
square geometries.

• Along wind loading predictions by all seven codes are within reasonable accuracy
(CoV < 15%) for buildings up to 200 m and natural period not greater than 5 s.
For building configurations considered beyond this limit variations are found
to be increasing. CNS: 2012 provide lower bound along wind load among all
seven standards, EN1991-1-4:2005 estimations gives higher value for lower height
aspect ratios whereas AIJ: 2004 prediction for more slender and flexible buildings
are found to be higher than all other standards.

• Significant discrepancies (CoV>15%) in acrosswind loads estimated by different
international standards are noticed. Prediction of NBCC and AS/NZS are laying
at the lower side, whereas AIJ estimations provides relatively higher acrosswind
loading compare to all other standards.

• Also, significant discrepancies (CoV > 15%) are observed in along wind
acceleration predictions for more slender and flexible buildings.

• Only four international standards considered provide provisions for across wind
accelerations predictions and their predictions are found to be consistent for the
cases considered in this study. Similar source of limited aeroelasticity test results
used to develop the across wind acceleration predictions by different wind codes
may provide this consistency.

7 Recommendation for Further Work

Although similar comparative studies were conducted previously only few studies
are available for the comparison of all these seven standards together. Further across
wind predictions are very recently introduced in few of those standards such as CNS
2012. Significant inconsistencies are found in prediction of across wind loading
estimations. Since across wind response is leading the along wind response for rect-
angular geometries an extensive parametric study may be performed to investigate
this further. In addition, there are several models proposed by the researchers for the
prediction of across wind responses a comparison with such predictions and existing
wind tunnel test results will give more insight.
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